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Abstract

The coagulation-flocculation is one of the techesjused for the treatment of industrial wastewatarshis
process, the principle of treatment consists onatddizing negative colloidal particles, by additiof salts
metal cations. The positive charge of cations cesges the electrical double layer which surrouhds t
colloidal particles characterized by a negativeeptiél , Zeta Potential). The iron and aluminum saltsthee
most used. Electrocoagulation is derived from tlaventional coagulation technique. The cations are
generated in solution by electrolytic dissolutidntlte metal electrodes. The main advantages offtlisess,
highlighted by several authors, are low dose ofgatant, reduction of salinity, enhanced reactivifymetal
cations, oxidation of certain pollutants, compastef installations, lower volume of sludge, anchiglation of
the small size colloidal particles. This paper rep@ research work on wastewaters eletrocoagolatican
electroplating industry located in Casablanca (Moo). The goal isto carry out some tests of degioh
applying two voltages 6 and 12 V on aluminum ele#s and to evaluate its performance. Abatemees rat
determined for 6 V reached 57%, 63% and 42%, and 1& 77%, 88% and 66%, respectively for Chemical
Oxygen Demand (COD), nickel and chromium. The elation of these pollutants was done by adsorption o
aluminum hydroxide or its polymers which were fodmnim the pH range of this study, but also by the
precipitation of nickel (II) and chromium (Ill) wtih forms afterward the cathodic reduction of chramiVI).

Keywords:Electroplating industry, Electro coagulation, Nickehrome, Aluminum hydroxide, Wastewater

Introduction

The wastewater generated from chemical industroegams very harmful pollutants to the environmérr.
reduce their negative effects, several treatmericgsses including physicochemical techniques, are
implemented viz., adsorption [1], ion exchange [2Ecipitation [3], reverse osmosis [4], coagulatio
Electrocoagulation (EC) technique is derived fréva toagulation-flocculation. It has been succelystided in

the treatment of various emissions : water wasfbhglischarges of oil [6], water containing meitads such as
arsenic [7-8], copper, lead, cadmium [9], iron 1, chromium [12-14].

1. Theory of electrocoagulation

EC involves several chemical and physicochemicahpimena due to electrolysis. Generally three stepsr
in a successive way: (i) formation of coagulantsdissolution of anode (sacrificial electrode), (9agulation
of contaminants and particulate suspension andkimgaf emulsions and (iii) aggregation of the dédized
by flocuation or adsorption on the metal hydroXides or its polymers.

The colloidal particles forming a stable suspendgioegative Zeta Potentid) are destabilized by addition of
metal cations. The most commonly used metals areand aluminum [15] because of their low costs thed
high valence (+11l). Their positive charge intesgtith negative charge of contaminants and compsetgeir
diffuse double layer, and thus reduces the eldettiosinterparticle repulsion (negative Zeta Pd@f) and
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even eliminates it. Consequently, coagulation caocuo with formation of flocs that entraps and besg
colloidal particles still remaining in the aqueousdium.
EC reactor is fed by a DC generator. The amoumethl electrolyzed is dependent on current supjiliethe
generator. This amount can be expresses by Fasiday’
_1*t*M 1)

n.&heorltlcai n* E
wheremis the theoretical quantity of electrode materiakdlved in grammd,the current in Amperé the time
in sec,M the molar mass of the metal of electrode in grammbe number of electrons in oxidation/reduction
reactionF the Faraday’s constant, 96,500 Crhol
The theoretical mass calculated by the Faradayscda be different from the real mass. Indeed, @nlyart of
the overpotential will be used for electrolysis tiest will be dissipated by Joule effect and used
overcome the overvoltage at both electodes. Thieahbpverpotential is thus written:

nAP = yMt +yk + yIR 2)
wherenAP is the applied overpotentiglit the concentration overvoltagek the kinetic overpotentiandIR
the overpotential caused by solution ohmic drop.
Concentration overpotential, also called the meassster or diffusion overvoltage, is due by the aoriration
gradient near the electrode caused by electrolitstsin be reduced by eliminating this gradientiiyreasing
the transport of cations from the anode surfacéhéobulk solution, i. e. by increased mixing betwebe
electrodes.
Kinetic overpotential (also called activation pdtal) has its origin in the activation energy barrio electron
transfer reactions.
The ohmic drop depends on the following operatiagmeters: inter-electrode distance, the electsadace
and solution conductivity. Control of these paraangtan reduce it. It can be expressed as follows:

| *d
MR=" 3)

d: distance between electrodes (cm).
A: active surface of electrode (cm2).
k: solution conductivity (S ¢

2. Reactions at the electrodes

Electrocoagulation can be made when a potentegbjidied from external power source to electrodesake of
a simple electrocoagulating reactor formed by oneda and one cathod&igure 3, some reactions and
electrochemical reactions occur. They are sumnéasdollows (Case of EC with aluminium electrodes)

- reduction of water in the cathode: 6HO + 66 — 3H +60H (4)
- formation of Al(lll) in the anode: 2A — 2AP*+ 6e (5)
When the pH is favorable, these two spema@sreact to form Al(OH)according to the following reaction:
AP +30H «— Al(OH); (6)
- attack of the cathode for alkaline pH:
2Al (s) + 6HO + 20H (aq) —» 2AI(OH), (aq) + 3H, (g) @)
- formation of oxygen in the anode and hydrogen éndfithode by electrolyze of water.
2H,O() — 4H(aq) + Q + 4¢€ (8)
2H,0 () +2€ — H(g) + 20H (aq) 9)

The gases released by the EC contribute to thdanelifan of a part of the suspended matters by mlect
flotation (EF). The small size of gas bubbles aflothem to join efficiently to the suspended solid
material. According to the experimental conditiath®, diameter of bubbles was reported to be betw&izn
and 50 pm [6], 20 and 70 pm [16], and 10 to 100[{irh
According to the pH of the medium, 3Aand OH give rise to various hydroxylated cations formg(fe 2). In
acidic medium, the predominance of the free catibfis observed until pH 3.5. As the pH increasederéht
hydroxo-complexes including monomers and polymake part in the distribution such as Al(GH)AI(OH),",
Alz(OH)24+, A|6(OH)153+, A|7(OH)174+, AIg(OH)207+, A|13O4(OH)247+, Allg(OH)345+. Between pH 4 and 9, the solid
phase consisting of the precipitation of the nedditian Al(OH); and its polymerized structures (Reaction (10))
pedometers this pH interval and gives place to salomainates in basic medium:
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NAI(OH)— Al (OH)s, (10)
The following diagram shows some monomer phasesddiby Af* as a function of the pH.
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Figure 1: Principle of electrocoagulation [18]
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Figure 2: Aluminum hydrolysis species distribution as a timt of pH.

Total Concentration in At = 1.85 x10 mol /L (0.5 mg/L) (Black et Willems, 1961).

Cations released through the EC eliminate a Igpadfutants (Suspended and colloidal matters, digeayy
metals) by electrostatic destabilization or by apion on the metal hydroxide flocs or its polyméeFse main
advantages of electrocoagulation process highligle several authors [19-2@Fe the highly chemically
reactive M*, OH and superoxide HQradicals, the compactness of the installations, ltwer volume of
sludge, the removal of colloidal particles of snsitle, the induced flotation brings the pollutantthe surface,
the cathodic reduction of impurities, the electraqgtic migration of the ions in solution, the retoie of metal
ions at the cathodether electrochemical and chemical processes.
Nevertheless, this technique has some disadvantages

- High coast, if large consumption of electrodes ;

- electrodes must be replaced regularly;

- need for having electrical energy;

- formation of an oxide film on the cathode, makihgd difficult the electronic transfer and #wdter

the effectiveness of EC;
- need to have a good conductivity in some dischacgsss.
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3. Objective of study

The main objective of this study was the monitorifigome physicochemical parameters under 6 andati2V
the evaluation of the direct electric potentiakett on the electrocoagulation performances irirdsment of
wastewaters charged by heavy metals like nickelchnomium and COD.

4. M aterials and methods

The EC experiments were performed on the settlexstemater of electroplating industry with two aluomm
electrodes fitted in a volume of 1.8 liters. Thectlodes have the following dimensions: length =i width
=5 cm, thickness = 6 mm and an active surfacéafé. The distance between electrodes was 1 cm.

The wastewater was stirred using a magnetic bacegl in the bottom of the electrolytic cell (Fig@®e This
was necessary to ensure a good mix betweéhakid OH. The agitation intensity was adjusted to avoid
destroying the flocs.

During testing, samples of 20 ml were taken by reeaina hose connected to the reactor at interMa0o
minutes and filtered using Whatman filter paperdNdhe measured parameters were pH, conductivibp.C
concentrations of chromium, nickel and aluminumoares.

DC generator
Multi-parameter

7Aluminium electrodes
/

Agitator

-

Figure 3: Schematic Diagram of the Experimental reactor us@dectrocoagulation

The apparatus used for measuring pH was an AccRestarch AR5 Dual Channel pH/lon meter pH-meter
from Fisher Scientific. This device with a doull&gtion uses aelectrode Canlab with internal reference of
Ag/AgCl. The calibration was performed using pH feufsolutions 2.00, 4.00, 7.00 and 12.45. Beforehea
measurement the electrodes were cleaned dailyOaittM hydrochloric acid solution and immersed i8.& M
KCI.

Conductivity was monitored with a conductivity met®atkon, pH/conductivity/TDS/°C/°F Meter. It was
calibrated before each test with standard solutidie used electric generator was for direct curtgpe
Xantrex XFR 40-70, DC Power supply 0-40 V; 0-7000D was measured according to the 5220 method [21].
Metals (Cr, Ni and Al) were analyzed using induelvcoupled plasma spectrophotometry (ICP-AES) hth
help of Varian model Vista AX. A 5 % matrix (v/ivpocentrated HN@(98 %, reagent ACS) was used for the
conservation of samples. To make sure the confgrafithe measures quality controls, analysis wesedized
with certified liquid samples (Standard multi-elertse catalog nhumber 900-Q30-100, SCP Science, leasal
Québec). The average wastewater characteristidedtare shown in Table 1.

Table 1. Characteristics of wastewater of electroplatingustdy
DCO (mg/l) | Chromium (mg/l)| Nickel (mg/l) | Aluminum (mg/l) pH | Conductivity (ms/cm)
4940 6,7 16, 30 0,018 8,156 0,52

5. Resultsand discussions

Figure 4 shows the reactor temperature over timehi® two voltages. The temperature increases fitno
23°C for 6 V and from 19 to 25°C for 12 V. The ieasing due to the electrical energy, was slightiyked for
12 V.
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Figure4: Temperature evolution versus time
The pH of the solution was not fixed during the E@ure 5 presents its evolution as a functiorhefyoltage
applied to the electrodes and over time.
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Figure5: Evolution of the pH as a function of time.

It is well known that the pH plays a significantadn electrocoagulation [22, 23]. Some authorsasdtbthat it
increases when its initial value was lower thawiBereas it decreases when its initial value is drgthan 8
[24]. In the case of our study, the pH increasésoagh its value was greater than 8. It seemsahttiis pH
precipitation of AI(OH} does not occur immediately in a substantial wayocturs only at the end
of 60 minutes under 12 V and 150 minutes under 6 V.

In the same time, the concentration of ‘Abns increased with the potential, and over timstabilize after 250
minutes (Figure 6), probably corresponding to ttexipitation of the aluminum hydroxide.

Late precipitation of AI(OH)may be due to:

1) The unavailability of aluminum in cationic formsr (its polynuclear structures) due to the complexati
of AI** by various ligands (Lig present in the wastewater. The reactions taklagepare written as
follows:

AlI** + nLig —  [Al(Lig) ™" (11)
Al(H-0)n"" (ag)+ nLig (aq) <  [Al(H:0)n(Lig)]*™" (ag) + NHO (aq) (11
These ligands can be anions like chlorides, niraseilfates, organic molecules containing functiona
groups as hydroxyl, phenol, carboxyl, [25id colloids.
Many authors have shown the important role playethk ligands during the coagulation [20, 26-27].
Their presence leads to the sequestration 8% Alt at the same time can promote the treatment of
water by neutralization, sweep coagulation or bsoggkion according to the pH of the medium [28].
2) The formation of mononuclear and/or polynucleamahwm structures (Reaction (10)) involving anions
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and generating several reactions of formation ssatiiation structures is pH dependant [20]. Altloug
the hydroxide ions had a great affinity for’Alhat can be substituted by some anions accordittagir
concentrations (Reactiofl2)) such as sulfates, chlorides, present in the digehd®0,29], co-
precipitation can also occur according to the ieadtl3) [30]:
A(OH)," (ag). yLig™ (ag) «  [A(OH)(Lig),]*™* (aq) . yOH™ (aq) (12)
nAI*" (aq) + (3n —~ m)OHaq) + mLig (aq) — AlLigm(OH)sn-(S) (13)
3) The formation of aluminates Al(OlT)which is considered as the precursor ofAblymer [31, 32by
alkaline attack of the cathode (Reaction (7)) ordmction (14) between Al(Okland OH, is favored in
the pH range 8-10 [33].

Al(OH); + OH < AI(OH),” (14)
100
S . -
|
g s0 n
g | .
T 60 +
g "
5 &
2 40
=] .
5
|
£ 20 . 6y B12V
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0 50 100 150 200 250 300
Time (min)

Figure 6: AI** concentration in wastewater versus time

Figure 7 relates to the residual concentrationpe@s/ely of chromium (VI) and nickel (Il). They deased
over time and with the voltage applied to the etmtgs.
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Figure 7: Evolution of residual concentrations of chromi(v) and nickel (Il) versus time

In the EC, heavy metals may react in different waygy can undergo:
» areduction at the cathode, as in the case of dhrorfV1):
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Cr,0/* +6€ +7H,0 — 2Cr*+140H (15)
* or oxidation, as in the case of iron:
Fe> Fe* (16)
» or precipitation of the metals according to théofeing reaction:
M™ + n(OH) & M(OH),! (17)

The favorable range of pH for the precipitatiomafkel is between 4 and 9 as reported by some eifp34].
The same authors showed, on the other hand, theggfteial concentration of chromium increases wherpH
becomes higher than 8.

The results found in these tests were in conformiith those published by other authors [34-3Bjis study
showed that the pH interval (8.11-9.17) promotedlmination of nickel by precipitation. The metaimoval
can also be done by adsorption on flocs of Al(§dt)its polymers.

Concerning chromium, its removal can also be doaitigere by precipitation following its cathodic rediom
(Reaction (15)), or by adsorption as chromium (BF) chromium (VI) on the aluminum hydroxide or its
polymers. Indeed, Gao et al (2004) [37] have shdva electrocoagulation using iron electrodes adidvio
remove chromium (VI) with a good performance ire iH range 6-8. This elimination was improved viitha
addition of AF*, probably by adsorption on the floc of Al(QHprmed.

Figure 7 shows that the rate of reduction of nickak better than chromium. The removal efficieneiese
reported in Table Il. The difference between metdlatement is probably, due to precipitation rathan
elimination by adsorption. On the other hand, réidncof chromium (VI) does not occur significantly.

Table 2: Removal efficiency of the nickel and chromium acliog to the applied voltage after 210 min of EC

6V 12V
Nickel (I1) 54,9 88,22
Chromium (V1) 38,41 65,79

The abatement of the COD (Figure 8) was done véowlg, due to the late precipitation of Al(OH)as
explained above. Final yields reached 57% and &&perctively at 6 V and 12 V for a period of 4 ho@G#/en
the initial concentration of the rejection (4940/mghe residual COD remain relatively high. ThHedence in
yield was related to the concentration of Al(@Mhich precipitates more easily at 12 V than 6 WisTallowed
to absorb more elements responsible of COD like dimlloids and soluble organic matter [6].

90
80
70
60 .
50 "

40
30 n [ |

COD Abatement

20
10 n

0] 50 100 200 250 300

15
Time (Omin)
Figure 8: COD evolution versus time

Examination of figure 9 shows that the conductivdgcreases slightly when the voltage increases tiver
[38]. This can be attributed to:
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- the reduction in the concentration of negativesjovhich combine to Al according to the reaction
(11);
- the polymer formation according to the reaction)(10
- the adsorption of positive ions, on the flocs ofnalhum hydroxide or on its polymers;
- the formation of structures of very low mobility &tkaline medium like Al(OH) formed from reactions
(7) (14), (15) and Al(OH) formed from reaction (18).
Al(OH), + OH < AI(OH)s- (18)
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80 - 0,5 z
1=
% 70 04 @
g 60 g
= | s
250 0,3 Z
“ 40 s
30 -02 2
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20 - 01T
10
0B 0
0 50 100 150 200 250 300
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Figure 9: Conductivity versus time

Several authors have shown that the conductivity avfavorable parameter of electrocoagulationlldie the
ions transport and therefore, reduce the pollUy®40]. But in our case, the relation between catgity and
abatement was not normal. One notes increasingpaiBment of all parameters (chromium, nickel anddfO
when conductivity decreases (Figure 9). The ioasgport was limited and not favorable for EC. Kree that
elimination of physicochemical parameters occursamdy by electrochemical process but also by cleami
reactions that occurs in cathode (Reaction (7)e fommation in situ of Al(OHyallowed discharge treatment
and contribute to eliminate the pollutants.

Conclusions
The technique of electrocoagulation used to eliteitlae pollutants of the electroplating polluticevg convincing results.
Indeed, this study has highlighted a number of kigns:

1) despite that the initial pH of the solution was ajez than 8, the precipitation of Al(OH}Xoesn’t occur
immediately;

2) the concentration of Al ions increases with time at the beginning andilizab. This was probably due to the
presence of negative ligands acting as a compeiitoH for the AF* cations;

3) the conductivity decreases slightly when the padébetween electrodes increases as it decreasefuastion of
time for a given tension. Formation of*Akcomplexes, polymerization of the Al(Ofi)adsorption of ions on the
aluminum hydroxide and its polymers and formatiéstouctures of low mobility such as Al(OH)and Al(OH)"
which formed in basic medium, are the main reasdrish explain the decreasing of conductivity;

4) the diminution of conductivity does not promote ttnansport of ions, therefore the formation of allomm
hydroxide, which adsorb pollution agents do noyia entire role. Furthermore, the decrease otlaotivity was
not able to explain the rates of physiochemicahpeaters abatements. These abatements were prahabty the
chemical reaction occurring between metal and hyideoions resulting from water reduction at thehoale.

In addition, the rates of abatement determinedhése tests reached 57%, 63% and 42% for 6 V, atd 88% and 66%
for 12 V, respectively for the colloidal COD, nidkend chromium. The elimination of the various caupds was done by
adsorption on the aluminum hydroxide or its polyspevhich were formed in the interval of pH of tkisidy, but also by
precipitation of nickel Il and chromium (I11). Thiatter is formed through the cathodic reductiorlfomium (VI).

The abatement of nickel was more marked becaus@hhwas favorable to its elimination. This was tiné case for
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chromium since thermodynamic conditions do not leadn efficient elimination in this pH field. Morespecially its
probable complexation by the organic matter woldevslown its precipitation.

The abatement of the COD was a slow process whagenitls on the pH of the medium. The quantity oOMJ; which
constitutes the matrix of adsorption was not sidfitto eliminate all the COD, because its limitednation in presence of
some ligands. In addition, the pH of the mediumadeiag basic solubilized the aluminum hydroxide e tform of
aluminates, which makes Al(Okl)navailable for the adsorption of the COD.
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